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Abstract: Industrial Czochralski silicon (Cz-Si) photovoltaic (PV) efficiencies have routinely reached
>20% with the passivated emitter rear cell (PERC) design. Nanostructuring silicon (black-Si) by
dry-etching decreases surface reflectance, allows diamond saw wafering, enhances metal gettering,
and may prevent power conversion efficiency degradation under light exposure. Black-Si allows
a potential for >20% PERC cells using cheaper multicrystalline silicon (mc-Si) materials, although
dry-etching is widely considered too expensive for industrial application. This study analyzes this
economic potential by comparing costs of standard texturized Cz-Si and black mc-Si PERC cells.
Manufacturing sequences are divided into steps, and costs per unit power are individually calculated
for all different steps. Baseline costs for each step are calculated and a sensitivity analysis run for a
theoretical 1 GW/year manufacturing plant, combining data from literature and industry. The results
show an increase in the overall cell processing costs between 15.8% and 25.1% due to the combination
of black-Si etching and passivation by double-sided atomic layer deposition. Despite this increase,
the cost per unit power of the overall PERC cell drops by 10.8%. This is a significant cost saving and
thus energy policies are reviewed to overcome challenges to accelerating deployment of black mc-Si
PERC across the PV industry.
Keywords: black silicon; economics; manufacturing costs; multicrystalline silicon; passivated emitter
rear cell; PERC; silicon solar cells; photovoltaic; photovoltaic manufacturing

1. Introduction
The learning curve in the global photovoltaic (PV) industry [1–5] has resulted in continuous and
aggressive reduction in the costs of solar modules [6,7]. The spot price of several types of PV modules
has dropped below US$0.30/W in July 2018 [8] and International Renewable Energy Agency (IRENA)
predicts that the prices will fall by 60% in the next decade [9]. At current prices, even small-scale
PV installations provide a levelized cost of electricity (LCOE) lower than residential electricity prices
from the grid [10] and at utility scales, PV is cost competitive with all conventional sources [11]
in many regions throughout the world. Financing plays an enormous role in the profitability of
solar projects [10,11] and new methods of solar financing including third party [12], peer-to-peer [13],
securitization [14], credit trading [15], and government policies to reduce pollution [16,17] have become
available, widespread (e.g., Sunrun, Solar City/Tesla, etc. in the U.S. for example), and have increased
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access to PV systems for everyone [18]. For the PV industry to expand electricity market share into the
future [19], improving efficiencies is likely a key driver to further reduce the cost of solar energy [20].
This is because, historically, PV systems costs were lowered due to decreased module prices. However,
today, balance of systems (BOS) and installation costs make up a greater fraction of the systems costs.
Therefore, making PV modules prices less important for the overall systems cost than module efficiency.
For example, among projects covered in Tracking the Sun 10, median module efficiencies grew from
12.7% to 17.3% in the years 2002 to 2016, which enabled the average systems sizes to more than double,
while driving $1/W system costs decline [7]. Silicon (Si)-based PV currently dominates the market
for PV materials and is predicted to continue to do so in the near future [21]. Thus, improving Si PV
efficiencies as it reduces systems costs (i.e., installation, transportation, land or roof area, and balance
of systems costs) is important for the PV industry to continue to expand.
As the PV industry is extremely competitive with small margins and high capital expenditures [22],
methods to improve PV efficiency are most likely to be widespread if they can be accomplished while
minimizing changes to production equipment. One industrially relevant method demonstrated to
improve crystalline-Si (c-Si) conversion efficiency is the passivated emitter rear cell (PERC) solar
cell [23]. PERC cell architecture has enabled PV manufacturers to surpass 20% cell energy conversion
efficiency in production, and PERC sequences are being increasingly brought online among major
manufacturers [24]. The PERC solar cell architecture is predicted to constitute more than 55% of the Si
solar cell market by 2027 [25].
A relatively new approach to improving solar cells efficiencies further is to shift to nanostructured
silicon (so called ‘black-Si’, b-Si), which has been shown to effectively decrease reflective losses in
diamond-sawn mc-Si wafers [25,26], enhance metal gettering [27], and prevent cell power conversion
efficiency degradation under light exposure [28]. In addition, black-Si has been shown to decrease
reflectance by more than twofold compared to conventional texturized surfaces, for angles of incident
light up to 60◦ [29]. As the b-Si approach can be used on various structural forms of bulk silicon
(single, poly, or multicrystalline) and to thin Si films (amorphous or microcrystalline) [30], there is
a potential opportunity for Si-based PV manufacturers to make high efficiency (>20%) PERC solar
cells using less expensive multicrystalline (mc) Si materials in combination with diamond wire-sawing.
Different technologies are available to etch black Si surfaces, and a few have already demonstrated their
economic viability (e.g., metal-assisted chemical etching (MACE) [31–33] has already been adopted
for the industrial production of b-Si for PV applications [34,35]). In addition, b-Si has demonstrated
efficiencies over 22% using a dry etching manufacturing process and interdigitated back contacts
(IBC) [36], and a promising 18.1% efficiency on laser-doped selective emitter solar cells [37].
This study analyzes the economic potential for industrial application of dry-etched b-Si by
comparing the costs of standard texturized Czochralski (Cz) Si PERC and black mc-Si PERC PV
devices. The manufacturing sequences for both PV architectures are divided into sub-steps, and the
costs per unit power ($/W) of the solar cells for each sub-step are individually calculated for all the
steps that differ between the two processes to increase the cost accuracy of the whole. The baseline
costs for the step of each cell type are calculated for a theoretical 1 GW/year manufacturing plant, as a
combination of data from literature (thus reflecting a wide industrial database) and of costs for b-Si
processing retrieved from industry collaborators. Note that the spot prices are used for the steps until
wafering, and albeit they are likely not representative of the production costs, they are considered
in this work since the calculated costs are to be applicable also to not fully vertically-integrated PV
manufacturers. A sensitivity analysis is then performed on each differing process step by updating the
costs following learning curve estimates. In this way the impact on the cost of the complete cells is
determined for each differing process step. Then, industrial technical and production shortcomings are
identified in order to achieve the cost estimates, and energy policies are reviewed to overcome these
shortcomings. The results are discussed considering the relative differences between the standard and
b-Si cell architectures and conclusions are drawn about the economic viability of the use of dry-etched
black silicon to improve Si-based PV device performance while reducing costs.
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2. Materials
Materials and
and Methods
Methods
2.1. PERC Production Process
The main production process flow of standard texturized Cz-Si PERC PV devices is available in
literature [38] and the steps are summarized in Figure 1 (left). The production steps of b-Si PERC PV
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to not fully vertically-integrated PV manufacturers. The following step in the black mc-Si PERC
process (Step 4+5) includes only the single-side nanostructuring of b-Si via a deep reactive ion etching
(DRIE). This is a pivotal step in the black mc-Si PERC process flow, since it allows the simplification
of the overall process sequence by effectively removing the saw damage during the etching of the
nanostructures. The complete removal of saw damage reduces the risk of contamination, which cannot
be guaranteed with the current standard mc-Si texturing technology (acidic texturing), which requires
saw damage as the initiator of the texture formation process. Furthermore, b-Si allows the adoption
of the diamond wire sawing technology for mc-Si block wafering [25], which is broadly used for
Cz-Si ingot wafering since it reduces the kerf-losses compared to the slurry-based wafering. Note that
other b-Si etching technologies currently employed in the PV industry require additional steps for
the b-Si etching process, i.e., metal-assisted chemical etching (MACE) [32,41,42] or atmospheric
dry etching (ADE) [43]. Furthermore, it has been shown that black mc-Si etched by DRIE can be
directly effectively passivated via double-side atomic layer deposition (ALD) [44,45], which further
contributes to reducing the number of processing steps necessary for mc-Si PERC cells. Note that the
thick SiNx antireflection coating which is used in standard PERC cells, cannot be used on black-Si
surfaces. The double-sided ALD passivation in the p-type black mc-Si PERC process (Steps 8 to 10)
requires positively-charged layers for a good passivation. The costs were provided by an industrial
manufacturer as detailed in Appendix A, and are calculated assuming (i) double-side 10 nm aluminum
oxide (AlOx ) layer, (ii) deposition done by spatial ALD [46] and (iii) surface area enhancement factor
equal to 3. Although AlOx is not an optimized passivation layer for p-type crystalline Si due to its
negative fixed charges [47–50], the use of ALD to grow passivation layers with positive fixed charges
have been shown to be effective for application in Si solar cells, e.g., HfO2 [51]. Thus, the costs related
to the use of the ALD precursors may differ slightly for the PV applications needed for the black
mc-Si PERC. Nevertheless, the contribution of the precursor type in the total ALD process cost is of
secondary order of magnitude compared to the other cost elements, and the error introduced in the
calculation is thus negligible. The surface area factor is the ratio between the front effective area of the
nanostructured surface and the flat projected area (i.e., the substrate area) [52], and it thus impacts the
ALD costs due to an increased consumption of the precursors. A surface area factor of 3 has shown to
be sufficient for low carrier recombination values at the surface [52], i.e., good electrical properties for
power conversion in the final cell, while still maintaining excellent optical properties. Note that higher
surface area factors are achievable by DRIE, and values of up to 7 have been shown to provide still
good quality b-Si surfaces [53]; however, the step costs for spatial ALD would increase by a factor of
1.5 compared to the surface area factor of 3. Finally, the front-side metallization costs are also slightly
affected by the total surface area, similarly to the ALD passivation, and by a possible difference in the
firing temperature profile due to the different passivation layer. However, the contribution to the step
costs due to the use of metal paste and firing profile can be considered negligible. It may be argued that
the (uncapped) ALD AlOx front layer in the black mc-Si PERC impacts the front-side screen-printing
process due to a change in the contact resistance compared to the SiNx in the standard Cz-Si PERC.
To et al. [54], however, showed that a thin AlOx capping layer (up to 5 nm) on the front side of a p-type
PERC cell actually reduces the contact resistance compared to the uncapped SiNx .
2.2. Costs and Sensitivity Calculations
In this work, we have calculated the costs per unit power considering 22% cell efficiency,
since commercial texturized Czochralski PERC cells have already surpassed such efficiency in mass
production [55], and the efficiency value for black mc-Si PERC is within reach, as the 20.78% world
record efficiency on industrial lines was presented in Q3-2017 [56]. Note that, in this case, the
assumption of the 22% cell efficiency for black mc-Si PERC introduces a source of uncertainty in
the step costs calculations, which is not straightforward to quantify. In addition to the already
mentioned b-Si advantages, further improvements of the efficiency are expected thanks to the adoption
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where Co is the cost per watt initially of the solar technology, P is the cumulative production over time,
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contribution to the total costs due to these steps is limited, and the saving in the cost per unit power
allowed by the use mc-Si substrates more than compensates for this, as seen in Figure 4. The cell
processing steps that differ between the Cz-Si and black mc-Si PERC architectures amount to 87.5% of
the overall costs for the Cz-Si PERC processing, where the contribution of Steps 4+5 and 8–10 accounts
for ~2% for each. Therefore, the overall cell processing costs are lower for the black mc-Si PERC
even in the worst case scenario as seen in Figure 4 (total costs of the different steps in this scenario
are 96.4% of the Cz-Si PERC). In addition, note that the surface passivation steps, albeit providing a
limited contribution to the total costs, show yet another potential cost saving, since the black mc-Si
PERC can effectively be passivated with a double-side ALD step prior to capping the rear side by
SiNx , leading to both lower process costs and a lower number of necessary processing tools. The cost
for the surface passivation by double-sided ALD is <50% of the cost for the corresponding steps by
PECVD and CVD for the standard Cz process, which also includes an additional back surface polishing
step. Therefore, all scenarios calculated in Figure 4 show that there is a cost reduction moving from a
standard texturized Cz-Si PERC to a black mc-Si PERC architecture, with up to an 11.7% reduction for
the best case scenario, which in turn represents a 10.8% drop in the cost per unit power of the overall
PERC cell.
In order to evaluate the capability for the introduction of the DRIE black silicon etching process
into manufacturing, the comparison of the costs for the cell processing steps that differ between
standard texturized and black-Si PERC cells can be carried out also on similar substrates, i.e., Cz-Si
PERC. In this instance, the major differences are related to Steps 1 to 3, which account for 84.9% of the
overall cell processing costs. Assuming a 22% efficiency for black Cz-Si PERC cells, the increase in the
costs introduced by the combination of black Si etching and consequent passivation by double-side
ALD is between 15.8% (best case scenario) and 25.1% (worst case scenario) of the overall cell processing
costs. Note that the efficiency premium allowed by the nanostructuring of the silicon surface implies
that the cost increases mentioned above are an upper boundary.
Figure 5 shows the cost per unit of solar photovoltaic cell power ($/W) as a function of global
cumulative PV production in GW. The symbols in Figure 5 represent values from the literature
extrapolated from [68] and the Cz and black mc-Si values calculated above. The line represents a
20% learning rate taken from the cumulative global PV production values of 100 GW surpassed in
2012 and 401.5 GW, which was obtained in 2017 [69]. The Cz value calculated here (two global PV
manufacturing doublings) falls just above the expected 20% learning rate and offers a strong indication
that the assumptions made in Section 2 are accurate. As can be seen in Figure 5, with the use of black
mc-Si within two more doublings of global PV production the cost per watt of mc-Si cells is expected
to drop below 20 cents per Watt. This results in PV-generated LCOE [10] electricity prices below those
of all competing technologies by a large enough margin [11] that it can be safely estimated to vastly
increase the overall PV market.
A note should be made about the use of absolute cost estimates with the data presented here.
The results of a relative 10–12% cost drop for the use of b-Si mc-Si over Cz-Si are valid as long as the
cost structures remain relatively constant. These same cost advantages would be present regardless
of manipulations of the economics of PV (e.g., government support, companies selling at a loss to
maintain market share, trade-war-based tariffs between the U.S. and China, etc.) as long as they were
applied equally to both technologies. So, for example, the recent Tamboli, et al. [70] study to estimate
the cost of a cadmium telluride and silicon tandem cell inferred that cell costs for Cz-Si from their
sources had reached lower $/W values. In their study, Cz-Si materials still dominated the costs. If the
percent of the costs are similar to those shown in Figure 1, then additional U.S. cents per watt are
potentially saved with b-Si. This would be expected to result in even lower costs for such tandem
structures and is left for future work.
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b-Si for PV on RIE and DRIE etchers would enable them to apply these techniques to other products in
the future.
4.2. Policies to Accelerate b-Si Deployment in the PV Industry
4.2.1. Policies for Research Support
First it is clear from the technical literature [26,77,78] that there is still more work to be done to
optimize the black mc-Si PERC. For example, studies could look at the optimization of b-Si emitter
diffusion [46,79] or contact formation [80] processes or surface morphology to find a balance between
reflectance and light trapping [81] and the threshold for the defect levels present after RIE (i.e., the
quality of the b-Si in the literature may be above the economic optimum), which could be funded
by traditional university research funding programs from national funders such as the National
Science Foundation and the Department of Energy in the U.S. and Horizon 2020 [82] in Europe.
There is also an opportunity to develop a hybrid process (RIE + ALD) to reduce capex as both are
plasma processes and ideally could be realized in one process chamber (or even in an inline tool).
Such work could be funded by public private partnerships (P3s) and/or funds specifically targeting
small businesses (<500 employees) such as the Small Business Technology Transfer (STTR) and Small
Business Innovation Research (SBIR) programs in the U.S. Similarly, the Business Finland investment
tool for critical capabilities could be used for funding equipment development such as those focusing
on scaling up ALD.
Federal governments can provide R&D spending directly either through national labs or funding
universities and companies to do both basic as well as applied R&D. There is considerable academic
literature showing the effectiveness and need of research and development policies at the federal
level [83–89]. Mamuneas et al. [90] have shown that publicly financed R&D created cost savings for
industry, but also reduced privately-financed R&D investment, while using secondary sources of
policy support such as incremental R&D tax credits and deductibility provision of R&D expenditures
increase privately financed R&D investment [90]. More recent studies have shown that federal R&D
funding stimulates additional private R&D investments [91]. This area of policy is still under active
debate, but it is clear that governments should seek to find an optimal mix of both types of policy
instruments to sustain balanced growth in productivity and output in the manufacturing sector [90].
4.2.2. Policies for Commercialization Support
However, even without additional theoretical, technical, or optimization-based research, this
study has made clear that existing technology of the black mc-Si PERC will drive down cost for PV.
Companies wishing to move to this more advanced PV structure, however, need to invest in RIE
and ALD systems scaled to the sizes necessary in the PV industry. Currently, RIE tools of this scale
are available for room temperature RIE [92] and spatial ALD tools are already being sold (e.g., AlOx
deposition in PERC cells [93], transparent conductive oxides (TCO) [94], organic light emitting diodes
(OLEDs) [95,96], or porous Li-ion batteries [97]). The global production of such tools could quickly
meet the GW requirements of a modern PV plant given effective policy support.
A particular risk in such policy areas is if the public–private dynamics are not well aligned to
encourage solid research of proof-of-concept (such as with b-Si discussed here) and the required
infratechnologies (infrastructure technologies such as in this case, PV industry-scaled RIE, and ALD
tools), then these promising advances in applied science can easily fall into the so-called “valley of
death” and fail to enter the marketplace because the ideas cannot mature into modern advanced
manufacturing technologies [98].
The largest challenge to escape the valley of death is the capital costs associated with PV
industry-scaled RIE and ALD tools, which are both on the order of several million USD for a
1 GW PV plant. There are several methods that a government can utilize to effectively assist
industry in this respect by providing business incentive policies including: R&D tax credits and
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writedowns by performing large scale research with novel production equipment [99–101], loans [102],
guarantees/government managed risk [103], subsidies, and most radically purchase/donations (100%
subsidies) [104]. In addition, these policies can be spread for example by including the R&D tax
credits through multinational tax rules. Even in the most extreme examples of direct subsidies to
bolster manufacturing [104,105] there is evidence that both federal and regional (provisional or state)
governments earn a positive return on investment (ROI) from revenues for the governments from
taxation (personal, corporate, and on sales), sales of products locally (e.g., PV modules), and the saved
health, environmental, and economic costs associated with offsetting coal-fired electricity with the use
of solar power [105]. Bartik also has provided empirical data that even local and regional government
support of industry increases job growth, which results in long-term lower unemployment, higher real
estate values, higher labor force participation, and better occupational opportunities for those living in
the region [106].
The results of this study indicate there are several interesting opportunities for governments
to enjoy a large ROI for providing an incentive for companies to scale-up RIE and ALD specifically
for the conversion of mc-Si PV manufacturing plants to begin b-Si PV manufacturing. The results
of studies on the benefits of government support of PV manufacturing (which have focused on the
entire plant) [105,107] would be enhanced here as the necessary infrastructure investments are for
a small portion of the plant (e.g., only RIE and ALD systems). With successful deployment of b-Si
manufacturing, PV from the plant would have approximately 10% lower costs for an equivalent
aggregate power of PV deployed. With all variables being held constant, this would be expected to
increase the market and increase the demand for larger production volumes, which would in turn
increase the income side for the government (e.g., larger taxes and increased environmental and health
benefits) and improve the ROI.
Although many governments are interested in boosting domestic renewable energy
manufacturing, China has already made the expansion of renewable energy one of the business areas
which receive special attention under China’s five-year plans, including loans and tax incentives [108].
China already dominates global PV manufacturing [109,110] and thus has the most mc-Si plants, which
provide a geographic advantage for applying relatively small policy support needed to accelerate b-Si
PV manufacturing and recoup the benefits. China is not the only country that could see an advantage.
In the countries of the European Union with a significantly weakened presence in PV manufacturing
itself, but a strong presence in PV manufacturing equipment, the development of large-scale RIE
and ALD devices to meet the needs of the global PV manufacturing market represents a significant
opportunity. For example, Finland, a world-leader in ALD tool manufacturing, could strategically
invest in industrial focused R&D to make a large-scale ALD system specifically for b-Si passivation
for the rapidly growing PV industry. Finnish companies in these areas would benefit from programs
like the normal project support from Business Finland (BF) or through Ecsel JU jointly with BF. How
this strategic investment is done is country dependent. For example, in the U.S., several studies have
shown a considerable benefit to from the Research and Experimentation Credit [111–113]. While, in
Finland, the results of tax breaks have been more mixed [114,115] and direct support for R&D costs is
more effective, particularly for small and medium sized enterprises (SMEs) and startups.
5. Conclusions
This study has presented the costs involved in the replacement of standard Cz-Si PERC cells with
black-Si PERC cells. The increase in the overall cell processing costs due to the addition of the steps for
the etching of the black Si surface is overcome by multiple benefits generated by the nanostructuring
process (e.g., improved performance, hindered power conversion efficiency degradation, and enhanced
metal gettering) and by the possibility to use effective double-side ALD passivation. Thus, the adoption
of black Si PERC cells becomes highly attractive for the PV industry. When combining mc-Si substrates
with the deployment of black Si PERC technology, the PV industry will be able to reduce the partial
processing costs by approximately 11.7% by replacing the standard Cz-Si PERC. This represents a
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10.8% drop in the cost per unit power of the overall PERC cell fabrication process, which could have
a profound effect on the deployment rate of across all PV applications. These are significant cost
savings and thus energy policies are reviewed to overcome challenges to accelerating the deployment
of black mc-Si PERC across the PV industry. The energy policy recommendations that would be most
useful for helping industry are primarily focused around reducing the risk associated investing in
the multimillion dollar capital costs of RIE and ALD equipment needed to produce at the GW scale.
There are nationally strategic policies that would provide R&D to scale these tools as well as policies to
ease and scale the commercial deployment of these tools in order to enjoy the return from an increased
PV market at lower costs.
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Nomenclature
ADE
Ag
Al
ALD
AlOx
b-Si
CVD
Cz
DRIE
KOH
LID
MACE
mc-Si
PECVD
PERC
POCl3
PSG
PV
RIE
R&D
ROI
SDR
SiNx
SME
TCO

Atmospheric dry etching
Silver
Aluminum
Atomic layer deposition
Aluminum oxide
Black silicon
Chemical vapor deposition
Czochralski
Deep reactive ion etching
Potassium hydroxide
Light induced degradation
Metal-assisted chemical etching
Multicrystalline silicon
Plasma enhanced chemical vapor deposition
Passivated emitter rear cell
Phosphoryl chloride
Phosphosilicate glass
Photovoltaic
Reactive ion etching
Research and development
Return on investment
Saw damage removal
Silicon nitride
Small and medium sized enterprises
Transparent conductive oxide
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Appendix A. Costs of All the Production Steps for Both the Standard (Texturized) Cz PERC and
the Black Multicrystalline PERC.
Process Step

Step Costs (US$/Wp)
Standard (Texturized) Cz PERC

Source

1*
2*
3*

0.0925
0.1610
0.0287

[68]
[68]
[68]

4+5

0.0045

§

6
7
8
9
10
11
12
13+14

0.0050
0.0049
0.0049
0.0000
0.0016
0.0028
0.0003
0.0263

§
§
§
§
§
§
§
§

Step Costs (US$/Wp)
Black mc-Si PERC

Source

0.0786
0.1369
0.0287
0.0118 (best case)
0.0236 (mid case)
0.0354 (worst case)
0.0050
0.0049
0.0031

[68]
[68]
[68]

0.0011
0.0003
0.0263

§
§
§

§
§
§
§

* Note that the difference in the costs of Steps 1 to 3 is calculated considering the difference in the spot prices in
high purity Cz silicon and high-performance mc-Si retrieved in February 2018. § Proprietary industry information
provided under conditions of anonymity.

Appendix B
Source
[68]
§
§
§

PERC Cell Architecture
Both
Standard (texturized) Cz PERC
Black mc-Si PERC
Black mc-Si PERC
Black mc-Si PERC

Assumptions
Cell Size *

Cell Efficiency

Cell Output

cm2

%
22
22
22
22
22

Wp/cell
5.204
5.375
5.405
5.204
5.204

237
244
246
243
243

* Cell parameters considered in the calculations of the process steps costs. Small variations in the cell size depend on
the industrial standard substrate available at the data source at the moment of data retrieval. § Proprietary industry
information provided under conditions of anonymity.
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